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ABSTRACT 

She purpose of this esscy is to investigate the bceic 
theory and operation of ssagnotio roaplifiero, and to construct 
and obtain the characteristics of various one stag© mgnetie 
sapliflers, utilising very tws.il d~c control ouarents. 2ho 
anplifier circuits tested include the series circuit with cud 
•without feedback, the biased amplifier circuit, and parallel 
circuit with self-saturation* characteristic curves were ob- 
tained for supply voltage frequencies of 60 cycle® par second 
and 400 cycles per second, fha highest power gain obtained at 
60 cycles per second *s 1.12 x 10^, and at 400 cycles par 
second was 37,1 x 10^ > 
sderoespore region# 



flio d-c control currents wore in the 
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Histor y 

The magnetic anpllfior was patented in the United States by 
Mr. S. F, W. Alcxander^on of the General Electric Company in 1916 



for use aa an audio frequency mdulator of high fr&queasjy currents 



for radio telephony* The magnetic amplifier became of minor isipor- 
tauco In fcliio country,, however, because the dcvoiopmnt of efficient 
dry dick rectifiers m3 togb^^esMlity mgaefcie core arterial*, 
both noeaasary to the design of efficient magnetic ncsolii'iero , cone 
later than the popular onployaonfc of the vacuus tube. By the tin© 



these component a wars available, we tod apparently forgotten the 
magnetic amplifier, while the Germans pursued its dovolcfsaont for 
power applications. The successful us© of the n&ynotic amplifier 
throughout the Goman Mary for ton yours 2ms d«*son#trnted its effi- 
ciency, practicability, and resi.stc.uco to failures duo to shock and 
vibration. Its ruggadnoss ms demonstrated when a nine, utilising 



a Magnetic amplifier, was dropped fro,;, an airplane, end hit the 
rocky beach instead of the water* It ms split wide open, but when 



tho magnetic amplifi-r ma recovered and tested, it wac found to 



function perfectly* 

In recent yours, dry disk rectifiers of the selenium or cop- 
per omide type have provided, a convenient »*-aaa for rectification of 
the load current to obtain d-c output «cd high sensitivity by posi- 
tive feedback* Another important development h&s boon the produc- 
tion of magnetic materials of high maximum permeability so that sat- 
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lamtlon of the core requires less oncitc.iion. 



Qenaraf Properties 

A magnetic amplifier ic a power amplifying eyetea seciiri ng 
Its control properties from the saturation of high permeability 
Magnetic cores called reactors.. It consists oacenfcially oi a dry 



disk rectifier, if feedback is used, and two saturable cor© I’oac- 



tors, in which the degree of irngnetisation and flux change is con- 
trolled by euxiliary windings* Thor© ar© no contacts. Moving parts. 



filaments, 



or other features which iccko it 



liable to operating fail- 



ure, or which necessitate constant inspection and caintononao. It 
can be cad© xauoh nor a rugged and reliable than a vacuum tube ampli- 



fier, and its life span is indefinite* 

One of tho greatest advantage* of the aagnatic acpilfler, 
in addition to it® ruggodness* is tho complete isolation of input 
and output loads* Since it is a power operated do vie©, the imp©- 
dance of tho signal (control) sovre© should natch thi.t of the con- 



trol winding for optician perforsamce, as ad the load should bo matched 
to the amplifier* 

Similarity o T f the HI ;g.s?tiw cjyl Xrio do 

A ocaaparison of the nagno tic anplifiar with a tried© is 



valid in some respects. Tho control winding© correspond to tho 
triodo grid, and tho power supply, *~e winding©* end load correspond 
to the plat© circuit* It cast be noted, however, th-t tho mgnctic 
aoplifier is a current operated device | a direct current applied tc 
the control winding changes the &~c Impedance of another winding* 

Tho tocuuq tuba nay be considered to bo & variable resists nc® in a 



d-c circuit, aid a magnet ic amplifier a variable inductive impedance 



3 



in on a-c circuit. In either c&as, a snail control signal is used 
to vary a larger value of current or power In the Iced circuit. 

The oinil&rity between electronic casd mgactic ai3.plii.icrs is Indi- 
cated in Figure 1. 

Series Circuit Without i uodbrek 

Figure 2 shows a basic magnetic amplifier circuit. It is 
u series circuit without feedback. This a-c circuit consist oi the 



cores* Op-c voltaic supply, and local* The control circuit consist a 
of trie control windings* connected in series opposing so fch. t no 
fundasaental coaponeat of the a-c supply voltage appears at the fcer- 



ninals of the control circuit. 



In tho dtceussion that iOllosee, any resistance in the a-c 
winding is lunpxi with the load resistance* uhich. approxieet icn 
caucco little error* Thus the drop across the reactor is consid- 
ered purely inductive* 



The nuncor in which a mgnetic controls tfoe out- 

put pemer is sost readily seen by considering: the a-e binding of 
the reactor as a variable Lnpedcr.ee whdaa car. bo changed at will 
frost a high value to a lower value , 1’nie variation ie achieved by 
passing direct current through the control winding* which -ncrawKsa 
the Magnetic saturation of the core suturis! on shiou feho two wind- 
ings are coaad; this doorcases the effective reactance of oho a-c 
winding* allowing an increase in thv output c’srrcnfc flowing fchronfh 
the load reoistanco* the output current being a-c derived fror the 
a-c *o ..res. Since the result .sat ebungo in power uioeipatvd in fcho 



load can be considerably great r then the power causing the control 
current to flow, the device can be designated on amplifier. 
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Graphical Analysis o f r.;rxotle 
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ISr-gnctio circuits cannot b© coiwcnisrstly <n»loalatod strict- 
ly analytically because the characteristic ourvas. of oh© core cator- 
ial can only be handled apprcsslwutaly, and i.ith great diiXic !ty s 
mtb&Bat ically « Therefore a jjrtiphicul natlicd* using the ch-i.rs.ctar- 
istic curve diagram of fcho p^rliculwr core j&.tarial, is advantageous 
in describing the operation of the lanpaetic suaplifijr, 

A typical characteristic ettrre for a sogvetia core it, shown 
in Figure 4» It will bo convenient in tho discussion that follows 
to use the dr r-ct eristic curve as shown in Figure 5* 

'flie s-ioo in Figures 4 and 5 raay be labled in electrical 
units &s well as rangnstic units by using those retell nsi 

(1)* •‘non thor© is no G~e sxcifc&ti' n* the reactor voltage 
drop is proportion! to tin alternating mgtkxlic rival density in 
the raaetcr core, 

^“r exact or = 1 A * 10 volts - K!3 ? for a given cor© 

where - a-c tunas 

f - supply frc-cpienoy 

A - Cross section! urea. 

(?.) s The mgnotic fiold intensity in the reactor 3s propor- 
tional to the reactor (and therefore load) eurzont, 

H - .495 anporo turns 3 ©r inch 
* * »l^=Jfc£l 9 for a given ccxe. 

Electrical units will now b© used in discussing the sagaofcic 
characteristics of the cores. 

?7hcn no direct current flows in the control winding** the 



a* 

current. I T is dotexr&nod entirely 1 cy the inductive rw&ctenc e X of 
11 L 

th® a-c windings ~urd the lead resistance H is IL i® very snail 

•Ck. U 

compared to practically the entire supply volta^* is across the 

a-C windings. I? then tho ow.-*»s no subjected to an additional 

d~c aagnatislng force, cnucad by a direct current I flowing in 

c 

the control windings, decreases, docraaoing the total i&pe&atcc 

of tho &-c circuit, so th>l I lucre jd^s . At; I 13 further in- 

L v 

croc, sod, is doarx-sad, tusi 1^ increased to a greater value j tut 

it is impossible to clisinotc conpl&toiy 1^, qo the total supply 



yoltugo can never to tzvaafercxl to R. „ The no.vor absorbed by ?, 

JU 



v 

Ju 



is therefor® rwgi.lafc«d by Tho po-or cnplification is the ratio 

o 

of the change in Fli,. to the chcngw in d-c control t>o \: qv * The re- 
lation between tho kegnatiaing correct .aid tke supply voltage B, 
with control current Iq an a pfu’&jaot.vr, is shown by tha family of 
curves for a particular rxgnctlc material in Figure 6« 

It is #een f roi Figure 6 birvt. for a triven supply volt. ago E, 

the value of I increase# its I is iiscrcuaed* 

L 0 

Impedance hi.< t> n ^ 

It is now desirable to consider ttea voltage drops in the 
a~c circruit « Figure 3 ie a schematic Ciugras of the a*pliii,.r chew- 
ing thoso voltages* ’She ispwda&os diagram for tills L-X circuit iu 
choim in Figure 7. 

When the value oi roaotecoe in series with tho loud resis- 
tance is vailed, the locus of the a-c circuit impedance is ao shown 
in Figure 7« For illustrative purposes, tha iijuiu is drawn for a 
tenfold change in the vrdua oi the reactance with ninisMi X cot at 

** of loaa a - WUh 1 * “* 13 W ** *M* 

is 16*?°» For X , impedance is 3 , fcaft 8 Is about 71.6 . 
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F i gure 1 0 
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A&vlttnnco hocnq 

Too adn5.ttc.uco locus corroapoadiny to the iraed one© locus 
of Figure 7 la ahewn t. Figure t\ wiceo the izip-nduiGG lecuu io 
linca. cad tho aiaiiass impedance is H« the edrnitt ana© loc:«a io a 
circle with din# ,eter equal to the reciprocal oi the thcorebiool 
zeininiija iupedcr.ee, ^ » The current locus 2.3 dei ivod b., rctilti- 
plylag the odsiitbarce by supply voltage L. Thus then reactance 
bus & Edxdsxa value, the ia2cdttuace of the c ire ait bca male® 
actual value and jxxfcaoa current Hot; a, hen tho roue banco has 



gcxiguo. value, adult tanes is c aiBiav®, and a~c current la a tinh- 

umeu 

C9) 

Current hoc to 

Tho locus of tho current in the &~c circuit is aijown in 



Figure 9 as tho oraller circle. Oorreoponditjg to the* cuarx-ent locus 
of diaaeter E/it is too cireul.-r voltage locus ruving ulaaeter E* 
The reactor and resistor voltages must add vootorially so tint 
their stsa is always equal to the applied voltage These vector- 
ial additions arc shown in Fi;,vro 9g and indicate tho swing of 
volt: go crops on reactor r,asd load. _.o the react mice of tho saturubio 



core device is adjusted# 
Volt., u Locus ® 



Tho voltage locus vay be .vour&wn as abofm in Figaro 10. 
Again, tho vectorial oca of resistor aad reactor drops rrust equal 
the supply voltage, giving tho circa]„.i supply voltage looua cLusn. 



Figure 10 show? th t if the zehctanc© wore sore, the entire supply 
voltage would appear acres* the load. Kith any ofchi-r value of civ- 
cult reactance, the supply volt ..go ia divided as indicated C; the 



12 , 



project lorn of tho E vector on the r- ctor -nd load voltage xez, 
Tho figure show a that too actual licitc of the circuit current cro 



in the ratio of 3 to 1, while corresponding Units of the rcccicr 
voltage s.r® in tho ratio of 1 to 3*3j this gives a 10 to X react- 
ance clung© for a 3 to 1 load current swing, which checks fox* tho 
values used in this illustration, Fi/jyra 10 show a reactor volt- 
age scale and a load voltage scale, and a circular supply voltage 
locus relating the reactor volt .:c end load voltage. Since for a 
given load resist cue®, the value of load voltage cccTcapondo direct- 
ly with a load current, a change of scale can be node to ate a 
circular locus ox loud current va. x*oa ctor volt-ge, Sines this is 
not convenient, tho circle car. bo converted to an ellipse by chang- 
ing om scale, in the following rKir.no r« 

=• ^reactor equation of the circular locus. 

But E * I r> 

load load "lo&d 



So 



S' 









(£)■ 



=1, which is the equation of an ellipse. 



This ellipse ia an operating locus relating the reactor voltage with 

the reactor (or load) current « 

For soro signal the line voltage is co adjusted that tho 

ncccinuu flux density in the cores is just at the knee of the ragnet- 

iaation cisrva, When a d~c signal is applied to the control windings- 

tho coroe arc driven into saturation. 

Os) 

Oooratlon of the Magnetic fcmltfiar 

Tho operation of the reactor is demonstrated \rj Figure 11.. 
in which tho plot of tho circuit requirement 3 is supor-ispccod on 



IJfl 




r rc* 
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the clifci'aeterlatic curve field o_ the. core js^toriiJL* 



F-r tlic nnhi-- 



Kiss ispadaace condition in the r.-c ei-reviu . cinavc ccuXL-j to x .. 

HAa.^ 

in Figure 10, the © 2 Xl of the volvage vector is located ct point d, 
on the circular voltage locus. Tha voltage crop colons the raector 
is represented by Od^ on the r.-aefcer voltage j*ccla, and tbo drop 
across the load ly Oci, on tlx? load voltage seal®. Point, o on the 
elliptical current locus corresponds to this position or tho volt— 
age vector, and shows tlx.t tils matkwxi icped&nc- condition occurs 
when H-l *30* CorxeapoMlag to this msiber of control aapero-4uraa 

if V 

in a value of 1L L. reptreceutod by Go » 

iy li X 

Point £ on the operating current locus similarly corros-« 

pcoafia to the voltage vector point $» and shoe* that S I is about 

C C 

185 for the mini-gun it^odaaoe ease, giving B r X equal to the ordi*~ 

Jj L 

ate 0f^« Hhna, for control between points o and f on the tntrrsnfc 



operating locus, a difforanco of 185-jO or 155 uMpero-tumo is re- 
quired* This corresponds, as has bests indlc&Wl in the duVulo^wt*Kfc 
of the circuit vector diagrams, to si 10 to X impedes*© change in 
tii* reactor and a 3 to 1 change in load currents 

A diagram such as Figure 11 can be used to design circuits 
having various characteristics , but proper selection of core mate- 
rials, s iso, and operating oorditiano require both &>:psii-*rca end 
judgement t 



Control Oh? - - ract orist iq.3 



flic alteration of the rectified load current 




23 a 



function of the control current 




is known as tho control char- 



acteristic* This can bo obtained from Figure 11, by considering 
points along the elliptical current operating locus. For example. 



/ 3^7 
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30 

at point c, tho value ox is 30 j therefor# I j 15^ . Point c 

is pro j acted on the vortical axis, ext & & value of R 1-52 is roadj 

L L 

therefore I=--52. « Thus a value of I has been obtained for a value 
^ Kj, L 

of I q„ Similarly, a value of and can be obtained for ovary 
point on the current operatise loeva* the control characteristic 
for the series circuit without food back la symmetrical]; Figure 12 
is a typical curve for an amplifier in which the number of control 
turns is equal to the cuaber of a-c turns# At aero control current 
there is a amIX Initial current 1^, as the inpo&anco ol the a-c 
winding in this condition is high but not infinite* Tills is the 
exciting current- As the d-c signal is applied 9 the inpodanco do- 
creeeas and I, increases practically linearly at a slope hk (in 
tills case l)* %on the winding impedance becomes vary low, the out- 
put current approaches a Unit cot by the applied a-c voltage and 
tho total circuit resistance* 

Series Circuit With Feedback 

A series magnetic amplifier incorporating feedback offset 
is shown in Figure 13 « With this azTAngosrcnt, *03vjaing 100$ effi- 
ciency of rectifier, tho full rectified output current is passed 
through the feedback windings H^| thus tho d-c rst-gnetising force 
is proportional bo 21* Tho percentage of feedback Is given by tho 
ratio hi. , 

The control oher&ct exist ic for a series connected feedback 



amplifier is 3hcwn in Figure 14* 

From tho anpero-taiTis balance law, for a series connected 
circuit , tho total d-c onpero-turrm required for the current Ij_ to 
flow lo roughly Tho feedback winding provides I^H^, and 



flow is roughly 
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only tli-a balance is supplied by the control winding. Tfcafc io, 

%- % % 

.*.r -x„ » 2a ^. T ^ .,. 

J K r j. - 

L *1 

This gives «m amplification theoretically is iufioit© ct 100% 



feedback. It holds, however, only for feedback up to approximately 
97%. In actual practice, it- is usually necessary to fc*m> K„ ono or 
two turns greater than lor »awdaun nnpl if lor. felon* 

Biased Ara-fLiPivr 

By providing bias recitation fro® a separata source, the 



control characteristic can be node asSyonetriccl with respect to 



the aero control signal* The general sham of the characteristic 
is unchanged, but it is biased so that it crosses the I_ - 0 cede 



at about the cantor of the linear swing of I * biasing shifts the 
position of 'the line 0 to any desired point, such sn 0 1 in Fig- 
ure 15, without affecting the shape of the characteristic curvo. 
This allows tho curve to be aeufeerod on the do ail'd operating range. 
fiaraHol Circuit with felf-f. duration ^ 



Figure 16 shown a self-saturated circuit which obtains a 



fora of positive feedback by connecting a h^lf-wcva rectifiar in 
series with such load winding, so that the load eurres nt has & di- 
rect current component * Tills pulsating direct current in tho load 
winding produces a d-c nagnotisation of th© cores ufeich is propor- 



tional to the average mluo of the load current I „ The a-c wind— 

L 

ings In thin circuit asm oosnaoted in parallel 5 since- tho- supply 
voltage i 3 across each winding, too number of turns JL uuat be 

JJ 

double that of tho soricc circtit* 
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Tfith no separate feedback windings* the circuit ixhovn in 
Figure 16 (^responds to a serial, circuit *.ith ©stums i. £-.o^bc.c^ 
of 100$ # Additiorxii foedbacl turns 33 1 arc accvd to vary the per- 
ccntag® of feedback effect . 2«e c;rrcnt gain for talc circuit is 

given by the relation* 









_£ 






/£ A/, 



/ _ J^J^F 



c 4 

CO GO 

If a d~o voltage of constant mgnlttsd© is suM*niy n.jplied 
to the control t*.uinala of a isagtastio enplii’ie?, the control cur- 
rent lags behind the ©pplied volb^ga due to the incteobano© of th© 
control circuit* Tfe* tine required for the output current to rise 

to 63$ (1 - <i) of its final valuo is the timi constant of the ca- 

o 

pliiier, and is the ratio of the control coil inductance to 3 to 
resistance* to obtain nigh gain, the core aaterial ssust be readily 
saturated by the control signal, which results in a bigl&y ialvo- 
tiw input circuit, am a Large tla® dbL*y. For this reason high 
gain is usually associated with large tics® constants* 

Xho presence ox both »-o and C-o fluxes in the core jx&es 
the calculation of tho d**c flux exfcronoly tedious# Hoscrm*, an 
approxinate rsethed for caicuiatlag the inductance of i,ic control 
coil cars bo developed by detonsinisg tin aver ago persmneo c* tha 
iron path which is traversed by the a— c flux* which will illustrate 
the factors upon which the tine oonctiuxt is dependent. 

Considering the voltes© drop across tho load w5r&ir„~ at an 
average value of X^, for an an^llflc-r without feedbacks 

■»*i ^r. ~ ’hr, ^r. 
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fcrawanee, which ie the reciprocal of the ihELuctanco or a 
sagnetlt path, is the ratio of thj csgaetic flux in the core to tbo 
Ea^etoaativ© force producing i«. It is elocelv related to self 
induetenae, find in general, t<.ao ratio of coif inductance to tbo 
perooanoe of an ©loco lf»-aajjactic syntec is ptoportioml to the 
square of t»iO number of turns ccrri'irg vise current. 

Therefore : 

fp \ T. i /p 

v *' y a-c coil L &-c flux p.,ih 
Substituting (1) in (2), 

(f.) 2TTfI?J(p =: X 

L £— *0 u 



So ( 4 .) (P 



= A 



a “ c 27 rm 2 

h 

Since the d-o iiua: traverses the smae oath in a toroidal 

coal as the a-c flux* 

( 5 .) (f = <P. 
a-c g-c 

Since the inductance of the control cirouit is 

(,>) L , | - N * fP 5 -lc-1 ffs-7 2 

-J-, c.,l '^c 'U-c 2JTfl7T L \ 

tho tine constant of the control circuit is 

(7*) T * L 



iih __ X, \tLT 

Be ^7Tf/?c. L A/*. J 

H. S. Kirschbaun and E. I». Hurdor^ha've exteaied this cal- 



culation to derive an expression for the v c o iij % v* b of an arrpli- 

flor with positive feedback, gieiig the result 

(S.) 
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wb&r* K is a constant it. ending on ih* circ.it p. reactors 



Equations (7) aM (S) show tint tbs tisae delay ie irsmreoly 
proport»i*aal to the cup t .ly frv^uoney, t, *xd is increased "b«n the 
number of foodbuc. tors*, U^ ? is ingrouaecU 

i’ll o feet that tbs tine delt v in inversely proyorti. »ul to 
tho frequency of fcba „o«or source noons that for «* given gala, att 
amplifier operated at 60 cycles per second will kvs a biao delay 
?&ich is approximately 7 fcis^a the delay of the equivalent ampli- 
fier epe.-abod at 400 cycles per second. In other rorus, for any 
power frsepaemey, the coats D^r o... cycles is ror-irai for the out- 
put to rise to 63& of its final vsJLub. 

Thera ext tiro methods for rwdtein^ the time constant of 
the fcedbaci: circuit. both of i&Jqh robune the £* in. One mtnod 
is to insert series reels tones in the control wirding cixcuii, 
thereby reducing the tia© corato.nt of the coatr-l wiadir^g cir- 
cuit, sad the other it* to reduce the mac vast of feedback. flyer© 

17 c-cperes the ree«itts obtained by aredneiij^ the f«radb .os*, vlth 
those obtained by incro. 4 Jir,g the r.UUrfc&soe in the control eira it. 
It smews th«t if the gain ig reduced by a factor of Xovx by adding 
resistance in the control nindiap, the tis» delay is aluo rebuood 
by a factor of four* If the fuin is rad-.csd by a factor oi radr 
by reducing the feedback* howler, the delay ic only reduced 1%' a 
factor ol tiro. 



'Jo soasmrisei, the delay in cycles ol pernor £ru ;ucrcy is 
proportional to power gain and independent of core mterial and 
power freqtjsncy* It is bettor to work iron the sextet© gain con- 
dition by adding B to t ha control circuit to cut the gain than to 






decrease feedback* For a jivm ,c r ^i gair., fchs roooesaondod proce- 
dure la to utilises ths mxiaiaa feedfeac’' eerawemurveo with stability 
and add «©rice resistance in tho control wiadiiv until the dcoirod 



gfti»H§*lay ratio is obtained* The aeiu&l tint® of r^oponoo lit coo- 
otsdc i& improved by the uoe of i- high r pewr frequency* 

The cyclr-o o doley for & c'-rt.lu power -gain can be de- 
creased by splitting t*» carlitier into two low gain ctageo. 

■;a-moU ; yKh.rrtqc ^ 



Desirable features of Basnet ic ooaroe for modifier ua® arcs 
1* Stool should sstxfmtie at as low a sKigsefcicit^ force as 



possible . 

2* Stool should have -"sny ihj.ro '~ma on the saturation 
curve and tho Has® should occur su? near ta&xirn® iliee 
density as possible. Aery additional flu* after passing 
the kne-e of the curv® causes Induced voltay. s which 
ssakoe it i> practical to obtain aexisms vclt p across 
the load. 



3. Stool sl.o“l<3 have as kifh a flux density at artu *< tion 
as possible, This ouraits the use of medlar coivo for 
a required output voltage* 

4* Trie stool should be consist ant so that tv;o or aoro cores 



which sake up the mplifiar will be similar for best per- 
fom-cco, end various lii'iax-j aod© to the saae epeci- 
float ions will have einila* eVaacterietles • 



5* Steel losses should bo f'day enrrento not osily 

cause povor lo«s3 but tXr-o anise the m lifior to have 
slower reeocsso* Ryoter-Wi* losses la addition to 
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causing power Xoaaoo my have &n urelesir. bio effect cn 
the input-output characteristic of Mae aayiltierj thut 
is, the output power raft y be different depending on wheth- 
er the control is increasing or decreasing, 

Rectifiers 

High quality rectifiers *-.re essential in magnetic unpli- 
fiera, Desirable features are* 

1. Lott forward resistance, in order that poser loss and 
voltage drop Is kept* to a nlniman 

2. Vary low back leakage j leakage increases the aaounfc of 
control current required, resulting in §n cv rail loss 
in power gain. 

3« Very stable cbmact eristics s any change in rectifier 
operating char&ctoriatrioe changes tin pcrfonaence of 
the wsgnotic amplifier in which it in used, especially 
if tin rectifier develops leakage. 

Advances .and Applications of bagtwfclc AgialiCioyg 

The advantages of oagnetlc amplifiers mo: 

1* They require no power sup... ly such as ^B 8 supply for 
vacuum tubes,, Althougii reactors weigh ware than tubes, 
the sis© and weight of cockle tod assplifiorc can often 
b© nado equal to or less than vacutsa tube amplifiers, 
since the power supply is olinincvtod. 

2, They require m warsa-up tine, 

3, They do not have the power limit of mcuua tubec# 

4, Very high power a»plificoti*n per stags is possible* 

Magna tic amplifiers era not practical in may applications 



27 , 



which now uao vacuus tubeo. 'fliey do, however, have qualities find 
limitations which define their ohopoj they are a valuable addition 
to existing circuit techniques and are finding Increasing a .-plica- 
tion, Iho particular qualities of the magnetic amplifier ar«t 

I* Amplification of low level d-c powure 

2 , Mixing of input Signals which re at different volt; re 
levels 

3» Isolation of input and output 

4* Good aaro-staMi.it j 

5, Buggsdness, 

Tho present limitations of the magnetic amplifier uro* 

1, It Is restricted to applications using & signal fre- 
quency that is low compared to the supply voltage 
frequency, 

2, I»ocg tine constant 

3 a lilritod inpodsnoa rshg* 

4. In BO 330 oases, the cine and weight cf the magnetic am- 
plifier my be greater than that of & vacuum tube ampli- 
fier. 

Magnetic oaplifi-orc have found i oury inditetrlal applications* 
Bsasples of their use are in voltage regulators, automatic battery 
chargers, theatre light in': control, servo amplifiers, raid audio am- 
plifiers (with high frequency power supply)* oy are especially 
suited for electrical control of tdlitary ^uipesMltj their service 
record is doronstratod by the statement ©i a technician on the Ger- 
j5«4l cruiser *Prina Bugon*, who claimed that cot once to Mo know- 
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lodge during th® ton ywers that he waa on hom'd were the paaols of 
tho cvignaiic aaplil'ler units opened. 



CH4PMR II 



CGBSEECirdS OF EQOI1TO1 



Object 

Tho object of the erperir+nt-al work woo to design a magnetic 
amplifier to amplify very oasXl d~c power's; the oq,uijaent imo so 
constructed that various types of na gaotio anplifiar circuits eon 
bo readily assecblod, and their characteristics obtained# In this 
rear* tho arsplifior is also suitable for the demonstration of ■var- 
ious magnetic amplifier circuits in the classroom or laboratory, 

!ia static Cores 

The two cores used in this amplifier sor© supplied by the 
Hajnsfcic Materials Group of tire Ha-ral Ordnance Laboratory. They 
are Mu Metal cores* made of tape •003 inches thick end ono~3ialf 
inch side, ?/e mi into toroids of inside dimssoter one and five- 
eights inches and outside diameter two inches, The layers of tape 
arc insulated by mgnoeiwa oxide, the croas-secbioiaati area of tho 
magnetic path in tho cores is *557 m* # and the mass length of the 
wagmtic pefch is 14*464 on* The two cores are very well a&tched, 
each having a mxSmaa pomeebility of 226,561# Tho Magnetisation 
curves for these two coxes are plotted in -Figure# 18 and 19* 

Mu Metal is a high nickel Magnetic alley; its composition 
is 7 % nickel, 2 & chromium, 5 % copper, and 18$ iron. It Isas a 
high permeability, low coercive force, and lor saturation flux 
density. Since it was intended to construct & magnetic amplifier 
to amplify very snail currents, it sea aaocesaary to use a core 
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material with b±i$i perxcafeLlib; road io>? eo. .scire £or& be keo... the 
number of turns on the control wixidjLng frcwbscoming excess ;iva. Mu 
Metal has the high ^ejujalbllity .opuircd -a. l~rge tuluet.»Roe uisd 
alao requires rel-ttlroly few au-oro-turna to oatcrubc it, thus pro- 
viding ft largo change in inpcdsno* andt «• Xo rgc ;om;x fain. 

Ifeat .h-oa •? sent 

The Mu Metal cores were annealed at a relatively high tcaiv- 
porafcure in a pure hydrogen titxjaphevt . These cxrMXi ..'Si 1 ? not o?ly 
provent oxidation, but reaov© iepuriblae fro... tits oh.,r<.u» Cca«rcr- 
cial electrolytic hydrogen is used . -t ESI., end it . 1 ... . vertt r ; ..-r.:~i- 
fied by removing oxygon and xoisturo until the txygen contact ip 

below one pert per Million, and the noiobure content of th* purl- 

0 

fled guo aa measured !r* dus-poiaft let* v-.tlrv.ti .n is feJ-oiss -90 F, 

The* core*} worn canaalod in iu v-pen tuny in the rydro^-r utnaephure 

O 

.Cor i'our bourn at a teB^crnturo of 1200 G. 

Winn... j-r Coils on Gorm 

It la mil Lima th- i tho nugrutio proyt - ties of hi^h r *sv 
maMIiiy n.-.tsx*ialo arc edveroely effected by r.ecbanical ebrscins* 

It 'h&p boon fo'csna, feTsr-rur, bit-i by proper ac-amtlrg, aagnebic am- 
plifiers can be OonoyZ'ucbefi will ;*itl stand severe shock and 
vibration. 

The method used in tfet> ca-'llii®*- feting described coualrted 
of placing each toroidal core in a molded bakclifce box, It rye 
enough to /sxsait a ax&il motion, of t no Core. This prevents rtruia 
fron being pieced on tho core ns..feurilL by the box or fcb* ?.i; dings. 
The Tfcro then souad around tho tedcolifc© box by a toroidal 
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winding jaachiue , and fcfco last few coils wound by isond» Tho -finding: 
a&ehino was located at the Naval Ordnance Laben *#0.7, end t x au- 
thor rocoivod sufficient instruction in its use t vine! the colic, 
the following separate coils were wound with #27 A?fG wire on each 
cor a: 



11 coils 
1 coil 
1 coil 
1 coil 
1 coll 
1 coil 
1 coil 



400 turns 
200 turns 
100 turns 
50 turns 
20 turns 
10 turns 
5 turns 
1 turn 



2 coils — 

Thus, a total of 47.3? turns were available on oucr core, 
tround in cmll coils so th h oty deeired cor.birr.fci.-r. of turns foe- 
control, power, bias, cud feadbscb windings coutd bo obtained iy 
aalcing tbe nsoesscuy external ccrjscc ivl .... * 

The t»o coros *an'e aerated on a board, end the 00 .11 ends 
attached to Jonsc strips, to facili.tc.te- micisy efsnnjjec In the will- 
ing cottbin&tions. 

Rectifiers 

Golerdra day-disk rectifiers sere taeed in this ^lifier as 
they proride the ruggedness, rellsMlity, and long life miuireu of 
rectifiers for cagrtetie ea.-ii.fier uss-a. ^ho rectiliur is -Jatoiat© 
bac« plate coated, with celeai-a over w -ich an alloy is spes-yod. Th© 
«lis£djsua ba«e plat© a orws as 013 ® electrode end the alloy &c the 
other, Current flows readil; freu the ben© plate t-. the alley icyrr 
but only with extreno difficulty in the ether direction. Use rich 
rosist&nes to flow frtvs. th piles' to the taco pin to it called ^reverse 
resistance 55 , while the l«r resistance i.r> t**i 4 direction is the 



forward roaiatanco. fhuo tach f lat® is a half wav a rectifier. Tho 
rectifiers uaed In the circuits described in this essay ware four 
units of throe rlatse oach, maniifactured by the .'Adio facer tor 0«t— 
pany. 

Ponr late Assembly 

A photograph of the equipment atiefr bled for tost is shown 
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CHApr.r. in 

xaa».«KL2a*i larews 

Taste were conducted daioir-ine tho ch.»racieristico of 
various mgnetic amplifier circuits *it supply ireqisenciojj of 60 
cycles per accord and 400 cycles |>cr second. These two froqucncies 
were used beewuee they wore readily available in the laboratory. 

She results obtained art presented in this auction. 

Tea^,» Uai. 60 fry cl , -a Per ...ac ,<, .... dp Ircfroenay 
Potor. :'r a:- of A-C Su-nly Volta; 'O 

The first step in. the eoeperiaont *13 to determine the pro- 







per a-c supply voltage ta o. nsod. She circaifc used was the oar lea 
circuit without feedback, shewn in Flgu.ro 3, with J3L = H, *1200 
tunas on each core* The load rooistanoe was 50 o-’eis. The varia- 
tion of output curroht with supply volt "go was nocacrod for various 
values of control current j tho curvee obtained are plotted in figure 
21, and chow that "dthin e large volt .go range tho load current is 
independent of tho voltage, and e-atl to tho control current, if tho 
load and control winding have on equal amber of turns. Thi 3 il- 
lustrates tho current tronaforaer character of the n&cnotic mJLi- 



fier. 



Tho desired valise of n~o voltage is achieved ty adjusting • 



the Urn voltage aitli coro control current so tint the aoniam flux 
density in tho coreo is just at the ktxoo of the aagnetisatioa curve# 



Thld volt&ge is tho one at wfsifiBi tho “plot of vs* JG* with 1^0 in 



Figure 21, begins t~ bend uperrd. With this value of applied voltage 
the core saturates on boco portion «f the cuuply cycle. As the con- 



oc 



fcrcl current 1« laser*. ©3d tT* rsi*', tv, curror.u. n U» fox. ,-ird~ 
lag® in iXM?*esod „ ro*<ortior-41y, until tho eor-s ore o . ..lately 
saturated. At this point txe clx.rc.ct-rir.tic curve iV fcte/a out cad 
a further lucre :c a - alg' •- doc-, not result in a further iccreeoc 
of the lo u2 current . 

Froa Figure 21, it io d'.tomicod tlxfc the dosirod canting 
a~c TOlt je is 20 volts (run) . Figure 21 is the uhaz’aet-i’iotic 
curve field for t to ©uoliftar ».ibh IS u Herbal cor-c. au& correspcaada 
to Figure 11 in the basic theory auction o*. this yujw.r. *’hc volt-* 

ago locus ha© been ►> Oi ' .'■ lufc. Uv 4V Jlu till, ,te i J **1 L.^,^r h 

(curve a) with its center -t the origin, am th. ovjh the 

point £-20 volt®. ®IiO elliptical current op-rating locus (cu*vo 

. *>'* — V Uf— 

b) trtus plott cl using t„o -elati-a: I r and over the 

d-c , 

useful rsiigo in seen to be practically a straight line. 

Dorii.e Oirc ..it ieotTL. c.. 

Tavt control cl>c act eric tic curve discussed on jv.-g© 13 is 
used in us3Ql,s 1:^ t-*-o .erforixi-oe of the vtxxouc circuits tested, 
throughout this assay, t he ^ithswtis «at»r. vnluc o.. the alt evict- 
ing loawl eu.Tort is u ..cured uf plotted. 2^ (DC) io a- suved 
across the d~o toarsliaals of & full ave rectifier bridge, as shewn 
in Figures 3 and 13. 

Curve (a) of Figure 22 is f t® control cluxr.Cvvrisbio Cot 
the sorioa circuit without -oadbuoh, illustrated is flgmc 3. fho 



;i r 

slops o. the cxzrve is ©•.•util i the theoretic,.;.- value ■*£*•*•> &IXI 

% 

is linear up to the lift oX I_, ileh ifi lat— nic-U »„ 'ho 
of the applied volte* go and the- total load circuit resistance 



^ A, 



h* 
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Scrips Circuit With Positive reodbael 

Curve (b) of Figure id is tho oh-sruqtcriotic curve of the 

series circuit with 50 % i'ced'tx-.c^ . The circuit is sa in figure 

13. In this csco, N - 1-1206, and I * 600. Therefore tlis 

L . C ™ 



If 



value of feedback is •*£• a 100 = 5055. Thin curve also in linear, 

«r. - 



and 1U slop* is equal to the theoretic-! value, 



!fc 

K, 



1 

I7W 
. ^ 



— 9 



Curve (c) of Figure 22 v.v.s ixdo .-or the sane circuit, with 
B„ inci'eosed to 900 Turns. The feedback is 75%# and the slope of 
the characteristic agrees trith the theoretic- 1 value of 4» 

Curve (d) represents tkj a ri a circuit with 90% ' codback. 
The slope is 10# and the res JLto correspond tith theoretical value. a* 
It should be noted th-t wita r.o -codbacr effect, the char- 
acteristic is siroctriafl about the aero central current line, end 

that there is a mall value of 1 at 1 = 0, duo to the fact that 

L C 

the inpednnee of the. lead windings at this point ia high but rot 
infinite. M the feedback is increased, the ch- root .»r 1st io creates 
tho I.-,® 0 lino at higher values of I r , «nd riches a oininiaa value 

*-* ti 

at incraasingly greater negative values of I . The slope to the 

0 

loft of the alaisroc I is tUcrouwd &a feedback -a.£S W used. 

h 

Dotoraiul. ; i . Cl He lonluacl 

When lip is increased to 1330 turac, tfto circuit is cpo...iing 
at 100% foodbacK* Ourvs (a) Oi Figtgt- >-3 is tJfc ckosuct eristic lor 
this caoej it is sov*a th-.t the slope is IkiTly constant over i con- 
siderable range but has nos reached the thao cticji infinite value* 
For naicintsa gain, the turns in Use .feedback vlnel-g- arc 
greater by a s n ail percentage these thoe-- in tho power winding* Tho 
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ratio xh. is very oritieal. A change of one burn 5.. several hue- 

h 

dr ad greatly altr o the jjsir. and can Ufci RS wu stability. 

In this circuit it ms possible to raise II ^ to 1305 turns, and the 
eaplifier was still stable, ‘^his u shot su Cl 3 CIiX T VO £ d) Figure 

23* When lip was cade 1206 turns, the oia. ISi'luv bee«t# unstable. 
The extra turns above 12:00 vaateo up for looses io the rectifiers 
Adjust lux; Oircuuj I’or 1-foxicur. 0 .fu 

flaking- full use of fcho wincllj^s available o.± the coroe, 
it ms possible to increase the control tu ns to 2000, while the 
pouar turn* were left at 1200 and tlse f-.oab.-d’ turns at 1203 » 

Ibis oosbimtion gave the rcrulto platted v-urvo (...) in Figure 
24* and raprooonts fcho saslaun power gain obfe laaa with tale an- 
plifi-r at 60 cycles. 

Iho rower gain of a mguefcic amplifier is defined as the 
ratio of fcho change in power supplied t« fclio load fc; tow clstnge 



in power diasioatod in tha control eiicdlna 
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Coaortlng the po«*r gain -or the cr»pXi_i_r circuit whose 
characteristic curve is curve (a) in r&jrue 24 * for fcho worsting 

range — 60 jx&<l f ^ < - 10^ a, *.« L-vo: 

A I L = (6? - 13) x 10 -3 = 54 x 10"- 5 ayKi 
8 ^ = 50 ohasD 

A 3U = 50 x 10" ’ a*. .jcree 



* 52 ohns. 



Power gain -j^2 X X 1C&1.X2 x 10 
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to approximate ir asiirecrnt of the tin© constant .-.‘or tho 
Esednm gain circuit was r».de by glueing til© voltage aeroos the 
load on an oscilloscope, end obaorvung to; tine taken for toe 
load volt-ge to build up to 63® of ito - iaui value, The tine 
elapsed was ceasured to bo about 3 1/3 seconds? th.t ip, the am- 
plifier bed •. tiro d©L*y o_ about 300 cycles, using 60 cycles 
per second supply frequency. As indicated by Figure 17, this 
delay can be do creased by incvcMing tho resistance in tho izrrut 
circuit, or by reducing fcUa isaahor of foodbael turns , 

Biased to alifior 

By passing d-c current from a separate source controlled 
by a potentiometer, through 300 tame on oach core, the ;n. li- 
fior W3 biased so th..t tho oporvting ange of tho amplifier res 
centered on the line I ==• 0. This circuit is plotted as curve (b) 

In Figure 24. 

Self-C tv.ro. tod Circ ..it 

Figu*a 25 is the aSv ructeristic curve for the parallel circuit 

with sell-saturation shown in fi w ii c 16# In tails circuit, i - 1200, 

C 

31^=2400, and Sg>~ 0* The result* obtained were sicii. r to thoso 

for the series circuit with £L = K_ * 

F h 

Tests 13 sin: 4Q0 Cycles nor ^ocond On loly Froo oney 

Tho saro procedure was used ior ueturaif# 1 '# “^o character- 
istics o. nagactic anplifi Hieing a supply ?mo. .^ucney of 400 
cycloo per second as wen, folio -.fed for 60 cycles per second. 

Operating Volta 1 o 

from Figure 26, the proper op^r ting voltage was dofcor- 
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ninod bo bo 45 volts. 
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Series Circuit 

Figure 27 shows tk t tic theoretical slopes v ,tc obtained, 
and fcho ch-racteristic curves line r over thu operating svnge, for 
no feedback and 5C$ feedback, with 8 s K. - 430. 

0 l« 

Figure 28 is a plot of tlio cirracborioiice of an cjzplliicr 
with R = 3600, = 400, and 8^= 200 (50# feedback.) The theoreti- 
cal slope should be [~ ~ — ~r 7~ ’ l~ ~rJ? . £ *T" ~ 



M 







This is tho actual slope of tbs curve in Figiuo 27. 

Miuntiu.-: Turns for Hirf . t Fa Gain 

Figure 29 shows the clr-rcctaric tic curves for H = 3600 , 

c 

- 400, and lip - 400 tuna (100$ feedback), and the increase in 
slope obtained bp adding two additional feedback turns. An addi- 
tional feedback turn and* the amplifier unstable, The power gain, 
easputod over the range, 195 /u. a <. ILX 230 yaa, is: 

A X =35 x 1Q”° cafpcros 
u 

A L =270 x 10*° aeperoa 
lb - 50 oins 

ii 

Eq - SO oirxs 

Power gain = & 2 &S. £ 2 X x io J _ 37.x * 10 6 . 

(■3S) Z (*0^ 

7huo tlso matSjmz:. ponar gain using 403 cycle supply is 
^ 33,1 time that at 60 cycles. Tho ratio (-22 \ 400 

MJ»«‘ /A/ \ \ N 4 

is greater then 63 and coco 
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iccaunts rougniy .‘or the high.* gain, 



as shorn bolov: 
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COKCjUSKJBS 



Various types of core materials for magnetic sanlifiers 
«4re available j the factors dotcaisinirg which notorial is boat 
suited for a paiticuiar ap^licati. n are: signal power available, 

overall g ir. required, power output required, and the else and 
weight of the amplifier. for the uruoo a of this essay, Mu 
hotel was chosen sines it provides the larg ?&t power gain, and re- 
quiroe relatively a ear snporo turns for isattav-tion* 

In the series circuit wit.* no feedback, the toots uide 



chow that the relationship bobvoou I. and 1^ ov'.r the working 

T JfT 

range of tl.e anolilior is linear, and is: =£« — - ■ " C - , 

In \ 

5hon positive foedfoacu is introduced, this .olctionakip 

Ir H r 

is changed to: -= s • — 4~r * This express! t. hold for 

In Hr I- 

L 1 W L 

feedbacks up to 90# i the ncasurod values of corroooondwd cx- 

u 

octly to those given by this an;xeo~t urns balance. 

fas aaxiaasa pow--r gain a or an amplifier is obtained fey 

adding additional t'teSmc*, turns above 100#, where feedback io do- 
ji^ 

fined as -- , until the an lifiox* becoacs unstable, She greatest 

h 

maker of feedback turns pcrsdtting stable operation of the ampli- 
fier provides the highest gain, This procedure is not roconsoradefi 
for practical purposes, however, as the turns over IX# feedback 
cake up for looses in the rectifier, kich clu.a\je ri-^h tsapwratur* 
and age, and an amplifier which is stable rxLer ono set of testing 
conditions nay beccno unstable when the fceaporatnre ch&agoa. For 
this reason, in sect practical applications, luodfouen over 100# is 
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uofc used, but instead, two or moo stupes or ca/lification art* used 
to provide a consistent, vtr„ hi^p* po nor ,>in. I- t -is study, hew** 
over, the object was to achieve the aardmaa yow^x* ^- 'n in cue staco. 
Tho r .suits obtained sere a power gain of i.12 x 10^ using a supply 
frequency of 60 cycles per second, un d 37*1 x 10 rising a supply 
frequency of 400 cycles per second. Under the jaaxteus gwln con- 
ditions, the tine delay of the oaplificr sr.,.s 200 cycles of the 
supply frequency. 
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